Introduction {#S0001}
============

Surgery is an effective treatment for early, midterm, and advanced tumors that have not undergone extensive metastasis.[@CIT0001],[@CIT0002] The five-year survival rate of patients who have undergone surgery was significantly higher than those without surgery.[@CIT0003],[@CIT0004] At present, the main diagnostic approach for early and middle stage malignant tumors include blood tumor markers, computed tomography (CT), magnetic resonance imaging (MRI), endoscopy, etc.[@CIT0005]--[@CIT0008] Commonly used blood tumor marker protein detection methods include enzyme-linked immunosorbent assay (ELISA), gene chips, chemiluminescence, and multiple reaction monitoring (MRM), along with other methods.[@CIT0009],[@CIT0010] These methods have some limitations, such as a long detection time, marking, and a high detection concentration limit.[@CIT0011] When Cui et al first reported real-time protein detection using silicon nanowire devices, the application of silicon nanowire device detection technology developed interest within the research community.[@CIT0012]

The detection principle of the silicon nanowire field effect transistor (SiNW-FET) biosensor is shown in [Figure 2A](#F0002){ref-type="fig"}. In brief, tumor markers are negatively charged particles in a weakly alkaline liquid, such as serum. These particles could be trapped by surface-functionalized silicon nanowires. This altered the carrier distribution in the silicon nanowire leading to changes in both current and conductance.[@CIT0013]--[@CIT0016] This method is based on signal conversion, and the detection in biological and electrical signals was mark-free, immediately responsive, highly sensitive, and specific.[@CIT0017] Studies have demonstrated successful tumor marker detection in low-salt solutions (including CEA, AFP, and PSA).[@CIT0014],[@CIT0018],[@CIT0019] However, detection sensitivity in a high-salt concentration (such as whole blood and serum) was reduced or nonexistent due to interference from a high-salt concentration.[@CIT0020]--[@CIT0022] Therefore, this detection method has not yet been applied in clinical practice. This interference was due to the Debye screening effect in semiconductor materials.[@CIT0023] The Debye screening effect can be formulated in terms of the Debye length (λ~D~), which is calculated in the following manner:[@CIT0024],[@CIT0025] $$\documentclass[12pt]{minimal}
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*ε* is the dielectric constant, *k* is the Boltzmann constant, *T* is the temperature, *q* is the amount of electricity, and c is the ionic strength of the detection solution (where the typical human blood ionic strength is about 150 mM). λ~D~ is inversely proportional to the square root of the ionic strength (which is c) based on the Debye length formula ([Figure 1](#F0001){ref-type="fig"}). According to [Figure 1](#F0001){ref-type="fig"}, the Debye length in a normal physiological solution is about 0.7 nm, which is much smaller than the size of certain protein molecules such as antigens and antibodies (about 10 nm in diameter).[@CIT0024],[@CIT0026] Therefore, the Debye screening effect remained to be solved for the detection of serum tumor markers.Figure 1The relationship between debye length and ionic strength.

Several solutions have been proposed to overcome the Debye screening effect, including (1) tailoring antibodies,[@CIT0027] (2) purifying serum tumor markers by an antigen-antibody binding reaction,[@CIT0028] (3) replacing antibodies functionalized on silicon nanowires with aptamers,[@CIT0024] (4) purifying serum with a microcentrifuge filter,[@CIT0014] (5) and adding a layer of biomolecule-permeable polymer on the semiconductor material to change the dielectric constant.[@CIT0029] All of these approaches increased the Debye length (λ~D~) or shortened the distance between the tumor marker antigen and the nanowire after binding with the antibody. Although the Debye screening effect can be partially overcome, the detection was still time-consuming with relatively low specificity and sensitivity.

This study proposed a method to solve the Debye screening effect for semiconductor biological detection by using a miniature blood dialyzer (as shown in [Figure 2C](#F0002){ref-type="fig"}--[E](#F0002){ref-type="fig"}) to desalinate serum, followed by detection with a SiNW-FET biosensor. The salt ions in the serum were filtered with a miniature blood dialyzer, while the tumor markers remained in the serum.[@CIT0030]--[@CIT0032] As in the Debye length formula described above, the Debye length increased as the corresponding salt concentration decreased. Therefore, desalination effectively increased the Debye length, overcoming the Debye screening effect (as shown in [Figure 2B](#F0002){ref-type="fig"}).[@CIT0014],[@CIT0033] The process of salt removal by dialysis is simple and quick, and it gives an immediate response while retaining high sensitivity and specificity of the SiNW-FET biosensor. Thus, the miniature blood dialyzer provides a solution for semiconductor biological detection.Figure 2(**A**) The detection principle of SiNW-FET. (**B**) The principle of the Debye screening effect. (**C--E**) A schematic diagram of a miniature blood dialyzer.**Abbreviation:**SiNW-FET, silicon nanowire field effect transistor.

Materials and methods {#S0002}
=====================

Six-inch silicon-on-insulator (SOI) wafers (p-type (100) ρ:10--20 Ωcm; buried oxidation layer: 120 nm) were acquired from Nova Electronic Materials. Polydimethylsiloxane (PDMS) was purchased from Dow Corning Co. (Michigan, USA). 3-Aminopropyltriethoxysilane (APTES), glutaraldehyde (Glu), phosphate buffered saline (PBS; pH 7.4), AFP antigen and monoclonal antibody, CEA antigen and monoclonal antibody, bovine serum albumin (BSA) monoclonal antibody as well as green fluorescent protein (CD44) were obtained from Sigma-Aldrich (St Louis, MO, USA). Deionized water (DI; R≥18.2 MΩ • cm) was produced with a Millipore system (Merck Millipore, Billerica, MA, USA). The serum was collected from 50 patients at Wuxi People's Hospital from 2016 to 2017. All participants provided written informed consent. The dialysis membrane was purchased from Fresenius Medical Care (Bad Homburg, Germany).

Fabrication of silicon nanowire chips {#S0002-S2001}
-------------------------------------

The p-type double gate nanodevices, which have been improved from the early single gate devices, were fabricated with a "top-down" approach, shown in [Figure 3](#F0003){ref-type="fig"}. The original material used for silicon nanowire devices was a 6-inch SOI wafer, which consisted of a 195 nm thick silicon layer, a 120 nm SiO~2~ insulating layer, and a 600 μm thick silicon substrate.[@CIT0018] First, the 195 nm thick silicon layer was oxidized for 7 hrs to form a layer of SiO~2~ via dry-oxygen oxidation combined with a wet-oxygen oxidation mode. This was followed by etching the SiO~2~ with a buffered oxide etch (BOE) to thin the Si layer to 30 nm. The nanowire pattern was formed by coating photolithography. Next, the reactive ion etching (RIE) method was adopted to etch the silicon outside the pattern and to wash the coating photoresist. A width of 500 nm and a height of 30 nm of silicon nanowire (SiNW) was built. The silicon dioxide layer, which was 50 nm thick, was plated over the nanowires via coating photolithography and Inductively Coupled Plasma Chemical Vapour Deposition (ICP CVD). Then, 3 electrodes (ie, a source electrode, a drain electrode, and a top gate electrode) made of 5 nm of titanium and 100 nm of gold were formed by means of coating photolithography and Physical Vapor Deposition (PVD). A SOI wafer was then turned over to form a layer composed of 5 nm of titanium and 100 nm of gold to the back electrode using PVD. This was followed by annealing at 300 °C in a vacuum to form favorable ohmic contacts. Finally, a layer of 100 nm of SiO~2~ and 160 nm of SiNx was plated on the surface of the device using Inductively Coupled Plasma Chemical Vapour Deposition (ICP CVD) in order to prevent a short circuit during detection. A section of SiNW about 10 microns long was left as the functional segment as shown in [Figure 3](#F0003){ref-type="fig"}.Figure 3The fabrication process for silicon nanowire devices. **Abbreviation:** SiNW, silicon nanowire.

Surface functional antibody modifications {#S0002-S2002}
-----------------------------------------

The modification steps are shown in [Figure 4](#F0004){ref-type="fig"}. The chip was cleaned multiple times with DI water and its surface was treated with oxygen plasma for 5 mins, so that a layer of hydroxyl (--OH) groups was formed. After that, the sensor was immersed in a 2% (v/v) APTES anhydrous ethanol solution for 45 mins. For each APTES molecule, 3 oxyethyl groups and 1 amino group were provided. The oxyethyl group was combined with the hydroxyl groups. Free amino groups provided by glutaraldehyde (Glu) could bond to the aldehyde group. The chip was then immersed in a 2.5% (v/v) Glu solution for an hour. Finally, a 100 μg/ml CEA antibody solution was dripped onto the nanowires surface and kept for 4 hrs. The amino groups in the antibody proteins were bound tightly to the aldehyde groups within glutaraldehyde.Figure 4The process of functional modification of silicon nanowires.

Microchannel formation {#S0002-S2003}
----------------------

A 4-inch silicon chip was made into a microchannel mold (150 µm in height) by coating lithography and deep silicon etching technology. PDMS prepolymer and polymer were thoroughly mixed at a mass ratio of 10:1, and the mixture was poured into a microchannel mold. Bubbles in the PDMS were removed by placing it into a vacuum tank. It was further incubated at 75 °C for 40 mins. After cooling, holes were punched in order to obtain the desired PDMS flow path. The microchannel was cleaned and a layer of hydroxy was applied to the surface with Plasma Cleaner. Finally, the antibody-modified nanodevices were used to reversibly seal the microchannel PDMS and were fixed with acrylic plates.

Dialyzer connection {#S0002-S2004}
-------------------

The dialysis fibrosis tube in the miniature blood dialyzer was made by dialysis membrane with an aperture of 10,000 D. It was calculated according to the serum amount needed for dialysis. The serum amount of each dialysis was about 2 ml, whereas the total area of the dialysis membrane was 0.01 m^2^. The dialysis-completed fiber tubes were then placed in the miniature dialyzer housing. The length and diameter of the final dialyzer were 8.5 cm and 2 cm, respectively ([Figure 5](#F0005){ref-type="fig"}). A pressure regulator was installed in the dialysis unit to keep the serum volume constant before and after dialysis. Lastly, the Dialysis-Silicon Nanowire Field Effect Transistor (Dialysis-SiNW-FET) was formed by connecting the whole dialyzer to the microchannel system.Figure 5The image of the miniature blood dialyzer.

Detection {#S0002-S2005}
---------

All detections were performed with an Agilent B1500A Semiconductor Device Analyzer (Agilent Technologies Inc., Santa Clara, CA, USA). Four probes were connected to the four electrodes of the nanodevices with the voltage set to 2 V (source), 0 V (drain), 2 V (top gate), and 0.8 V (back gate). A peristaltic pump was used as the power device for the whole microchannel system, and the flux was about 80 µl/min. In order to ensure stable current at the time of detection, 120--180 seconds of solution passing time were allowed. Detections were repeated 3 times to ensure the reliability of the results.

Results and discussion {#S0003}
======================

Nanodevice structure and performance {#S0003-S2001}
------------------------------------

The width of nanowire is 500 nm and the height is 30 nm as shown in the scanning electron microscope (SEM) image ([Figure 6A](#F0006){ref-type="fig"}). [Figure 6B](#F0006){ref-type="fig"} shows the structure image of each electrode of the device. The SiNW connected the source and the drain electrode. It was coated with an oxide layer with a thickness of 50 nm with the top gate located on the oxide layer. The back gate is plated on the back substrate such that the double grid electrode can form a ring around the silicon nanowire for better control. The performance of the device was tested as shown in the transfer curve ([Figure 6C](#F0006){ref-type="fig"}). When the source drain voltage (Vds =3 V) and back gate voltage (V~back~ =0.8 V) were fixed, the output current (Ids) increased with the top gate voltage (V~top~). [Figure 6D](#F0006){ref-type="fig"} shows the output curve. When the back gate voltage (V~back~ =0.8 V) was fixed, Ids changed relative to Vds after a different gate voltage was applied. Ids and conductance increased with V~top~ in the same Vds. This illustrated that the gate voltage had an excellent regulation effect on the silicon nanowire conductance, and the performance of the device met the detection requirements.Figure 6The structure and properties of silicon nanowire devices. (**A**) An SEM image of SiNW. (**B**) A schematic of the distribution of the electrodes in a silicon nanowire device. (**C**) The transfer curve image. (**D**) The output curve image.**Abbreviation:** SiNW, silicon nanowire.

Functional results {#S0003-S2002}
------------------

The traditional APTES-Glu chemical chain modification method was validated with atomic force microscopy (AFM) and fluorescence microscopy. AFM images of the modified silicon nanowire showed spherical particles on the devices, in which particle size was consistent with protein size ([Figure 7A](#F0007){ref-type="fig"}). Since fluorescence proteins were used to replace the tumor marker antibody, a layer of green fluorescent proteins were successfully attached to the silicon nanowire ([Figure 7B](#F0007){ref-type="fig"}). A tumor marker antibody was successfully fixed onto the silicon nanowire using the current modification method that was the basis for the application of semiconductor material detection.Figure 7The results of functional silicon nanowire modification. (**A**) The AFM image of functioned SiNW. (**B**) The results after modification of the fluorescent protein. **Abbreviation:** SiNW, silicon nanowire.

Serum dialysis results {#S0003-S2003}
----------------------

The essence of the dialysis desalination of miniature blood dialyzer is that the dialysate (deionized water) continuously removes salt ions from the serum through a dialysis membrane. The dialysis membrane's pores act as a filter. Salt ions, creatinine, urea, and uric acid may cross due to the concentration gradient until the molecules equally distribute across the membrane. Proteins remained in the serum because their molecules were larger than the membrane's pores; however, smaller molecules, such as salt ions, creatinine, urea, and uric acid, were continuously removed from the serum. While water molecules can pass through the dialysis membrane, serum volume could not be controlled by a single dialysis membrane. And the detection outcome cannot indicate the initial concentration of serum tumor markers. A pressure control device was then used to detect and regulate the volume, flow, and pressure of dialysis fluid in the machine. The distribution of water molecules on both sides of the dialysis membrane was regulated by the pressure of dialysis fluid to achieve the consistency of serum volume before and after dialysis. As shown in the [Table 1](#T0001){ref-type="table"}, the serum contents after dialysis were tested. The ionic strength after dialysis was about 3.0 mM, which was 2% of the original serum. Creatinine, urea, and uric acid were all removed, whereas serum albumin, target tumor markers, and serum volume remained nearly unchanged. We have concluded that the miniature blood dialyzer can remove some interfering detection factors while maintaining the in situ detection effect of serum tumor markers. Therefore, this method can effectively reduce the Debye screening effect of silicon nanowire biosensors in order to detect biological molecules.Table 1Compositional variation in the serum before and after dialysisBefore dialysisAfter dialysisK^+^4.11 mmol/L0.150 mmol/LNa^+^139.4 mmol/L3.762 mmol/LCl^−^106.9 mmol/L0.0043 mmol/LCa^2+^2.29 mmol/L0.0834 mmol/LCreatinine57.2 µmol/LLess than detection limit (4.1 µmol/L)Urea3.1 mmol/LLess than detection limit (0.1 mmol/L)Uric ucid231.7 µmol/LLess than detection limit (2.4 µmol/L)Serum albumin44.9 g/L43.6 g/LPH7.47.4The volume of serum30 ml30 mlAFP2.49 ng/ml2.49 ng/mlCEA2.46 ng/ml2.46 ng/ml

Detection results of tumor markers {#S0003-S2004}
----------------------------------

The detection capability was evaluated with tumor markers CEA and AFP. CEA is a proteoglycan polymer with a molecular weight of about 150--200 kDa. The serum concentration in healthy subjects is less than 5 ng/ml. Elevated CEA is a common indicator in the clinical detection of many cancers, including colorectal cancer, pancreatic cancer, gastric cancer, breast cancer, medullary thyroid cancer, liver cancer, lung cancer, ovarian cancer, and urinary cancer. AFP is a proteoglycan polymer with a molecular weight of about 69 kDa and a serum concentration of less than 10 ng/ml in a healthy subject. At present, AFP is mainly used as a marker of primary liver cancer.

[Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"} showed the test results of a standard solution, which were made with 0.02× PBS and pure antigens. SiNW-FET biosensors modified with different antibodies can detect corresponding tumor markers at different concentrations measuring the current. The detected current increased with marker concentration. As shown in [Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"}, the SiNW-FET biosensor modified with different antibodies had detection specificity, which was related to the antigen-antibody specific reaction; whereas, biosensors without modified antibodies did not respond to tumor markers or proteins.Figure 8The detection results on Dialysis--SiNW-FET. (**A**) The standard solution detection results of anti-CEA SiNW-FET. (**B**) The standard solution detection results of anti-AFP SiNW-FET. (**C**) The standard solution detection results of no antibody SiNW-FET and anti-BSA SiNW-FET. (**D**) The serum detection results of anti-CEA SiNW-FET. (**E**) The serum detection results of anti-AFP SiNW-FET. (**F**) The serum detection results of anti-BSA SiNW-FET.**Abbreviation:**SiNW-FET, silicon nanowire field effect transistor.

[Figure 8D](#F0008){ref-type="fig"}--[F](#F0008){ref-type="fig"} shows the detection results for serum tumor markers. Serum 1 was the normal serum with a CEA concentration of 2.46 ng/ml and an AFP concentration of 2.29 ng/ml. And serum 2 was the serum of liver cancer patients, with a CEA concentration of 6.54 ng/ml and an AFP concentration of 17.44 ng/ml. It was shown that serum after dialysis desalination altered the current of the biosensor, while the original serum without any treatment did not alter the response of the biosensor. [Figure 9A](#F0009){ref-type="fig"} and [B](#F0009){ref-type="fig"} showed the relationship between concentration and current after detection by different serum tumor markers.Figure 9The human serum detection results of different tumor markers. (**A**) The human serum detection results with different CEA concentrations. (**B**) The human serum detection results with different AFP concentrations.

Conclusion {#S0004}
==========

Serum tumor markers were successfully detected by a silicon nanowire biosensor controlled by a double gate. This proved the feasibility of semiconductor materials in biological detection. The combined application with miniature blood dialyzer overcame the Debye screening effect, broadening the silicon nanowire biosensor's application range for biological detection and allowing detection of biological molecules at a low concentration.
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